Background: Socioeconomically disadvantaged populations often have higher exposures to particulate air pollution, which can be expected to contribute to differentials in life expectancy. We examined socioeconomic differentials in exposure and air pollution-related mortality relating to larger scale (5 km resolution) variations in background concentrations of selected pollutants across England. Methods: Ozone and particulate matter (sub-divided into PM 10 , PM 2.5 , PM 2.5-10 , primary, nitrate and sulphate PM 2.5 ) were simulated at 5 km horizontal resolution using an atmospheric chemistry transport model (EMEP4UK). Annual mean concentrations of these pollutants were assigned to all 1,202,578 residential postcodes in England, which were classified by urban-rural status and socioeconomic deprivation based on the income and employment domains of the 2010 English Index of Multiple Deprivation for the Lower-level Super Output Area of residence. We used life table methods to estimate PM 2.5 -attributable life years (LYs) lost in both relative and absolute terms. Results: Concentrations of the most particulate fractions, but not of nitrate PM 2.5 or ozone, were modestly higher in areas of greater socioeconomic deprivation. Relationships between pollution level and socioeconomic deprivation were non-linear and varied by urban-rural status. The pattern of PM 2.5 concentrations made only a small contribution to the steep socioeconomic gradient in LYs lost due to PM 2.5 per 10 3 population, which primarily was driven by the steep socioeconomic gradient in underlying mortality rates. In rural areas, the absolute burden of air pollution-related LYs lost was lowest in the most deprived deciles. Conclusions: Air pollution shows modest socioeconomic patterning at 5 km resolution in England, but absolute attributable mortality burdens are strongly related to area-level deprivation because of underlying mortality rates. Measures that cause a general reduction in background concentrations of air pollution may modestly help narrow socioeconomic differences in health.
Background
There is consistent evidence of the long-term effects of air pollution on mortality [1] [2] [3] [4] [5] [6] . The Committee on the Medical Effects of Air Pollutants (COMEAP) estimated that, at 2008 levels, fine particle pollution produced by human activity (anthropogenic PM 2.5, particles with diameter < 2.5 μm) had an annual effect on UK mortality equivalent to around 340,000 life-years (LYs) lost in those aged over 30 years, which is equivalent to an average loss of life expectancy from birth of approximately six months, or around 9 min (0.65%) from each day of life [7] . Although the COMEAP report did not quantify, the degree to which such mortality burdens may vary by socioeconomic status. According to National Statistics, the gap in life expectancy between the least and most deprived populations in England and Wales is around 6.7 years for men and 5.3 years for women based on the Slope Index of Inequality [8] , differences which may in part reflect the influence of environmental factors amongst others.
Generally, socioeconomic inequalities in health are thought to reflect two major mechanisms, differential distribution of exposure and differential susceptibility, acting independently or together [9] [10] [11] [12] . Susceptibility may be divided into susceptibility that is captured by the (multiplying effect of) underlying health/mortality rates, and susceptibility that arises from an intrinsic vulnerability of the individual (specifically, sensitivity) that means a given level of air pollution exposure has a greater relative impact in more deprived than in less deprived populations [12, 13] . Differential exposure and perhaps differential sensitivity to air pollution might partially contribute to underlying mortality rates, but we believe it is marginal.
Assessing how environmental exposure may partly explain general health inequalities has been a major subject of public health research. There is significant body of evidence from countries such as the United States, Canada, Sweden, New Zealand and the UK demonstrating that low income individuals and residents of more socially disadvantaged areas tend to be exposed to higher levels of air pollutants including nitrogen dioxide (NO 2 ) and PM 10 (particles <10 μm) [14] [15] [16] [17] [18] [19] . A recent review of the global evidence of the unequal exposure of environmental hazards (including air pollution) on disadvantaged and vulnerable populations showed that the majority of studies in North America demonstrate that residents of low socioeconomic status communities experience higher concentrations of air pollution, but the findings in Europe are more equivocal [9, 20] . Such differentials in exposure are likely to contribute modestly to the strong social gradients in health observed in many settings.
Differentials in susceptibility may reflect the influence of many factors including material deprivation (access to health care or fresh foods), psychosocial stress, underlying health conditions and risky behaviours. In the air pollution literature, susceptibility (specifically, sensitivity) has been commonly evaluated in the form of effect modification but evidence remains mixed. A recent US cohort study (the Women's Health Initiative Observational Study) found socioeconomic status did not confound the positive association between PM 2.5 and CVD, but modified the effect (i.e. higher CVD risk due to PM 2.5 exposure for women living in more disadvantaged neighbourhoods) [21] . Other supportive evidence of the synergistic adverse effects of air pollution and socioeconomic factors includes reports from the US, Canada, Italy, Switzerland, Hong Kong and Latin America [22] [23] [24] [25] [26] [27] [28] . On the other hand, a cross-sectional analysis of a large population-based US cohort of adults without a history of CVD (the Multi-Ethnic Study of Atherosclerosis) found little evidence that social disadvantage confers increased sensitivity to the hypertensive effects of PM 2.5 [29] , which is consistent with several other previous studies [30] [31] [32] [33] . These studies commonly reported multiplicative scale interactions (i.e. difference in relative risks across population subgroups) to demonstrate differential susceptibility. However, such studies have not in general reported on the impact of differences in underlying rates of the morbidity/mortality [12] . The impact of such differentials is clear when results are reported on an absolute (difference) scale -i.e. in terms of numbers of deaths or hospitalizations attributable to air pollution exposure [12] .
In this paper, we aim to combine two dimensional socioeconomic differentials (in air pollution exposure and susceptibility), if any, by the use of health impact assessment in order to demonstrate the extent to which socioeconomic differentials in exposures contribute to the socioeconomic gradient in those health impacts. Specifically, we (1) characterize the association between annual average exposure to air pollution, socioeconomic deprivation and urban-rural status; and (2) estimate associated mortality burdens based on observed socioeconomic and urbanrural differentials in exposure and underlying mortality.
Methods

Modelled exposure to air pollution
Annual mean concentrations of ozone (O 3 ) and particulate matter (PM) were derived at 5 km horizontal resolution in England (5683 grids) from values computed hourly by the European Monitoring and Evaluation Programme (EMEP) for the UK atmospheric chemistry transport model for 2010. Full details of EMEP4UK model are described elsewhere [34, 35] . Briefly, it is a UK-focussed, nested version of the EMEP MSC-W (version 4.3) model for Europe [36] with increased horizontal resolution (5 km) over an inner British Isles domain. It is driven by sub-hourly meteorology from the Weather Research and Forecast (WRF) model version 3.1.1 (https://www.mmm.ucar.edu/weather-research-and-forecasting-model). WRF is continuously constrained (every 6 h) to observed meteorological parameters ensuring that it represents close-to-real weather conditions throughout the simulations. Anthropogenic emissions are derived from the UK National Atmospheric Emission Inventory (NAEI). The main advantages of a high resolution atmospheric chemistry transport model (CTM) for studying air pollution epidemiological studies include fine temporal and spatial resolution covering the whole UK, and provision of data on individual particle chemical components. Ground-level modelled concentrations of components were calculated hourly at 3 m above the surface vegetation or other canopy. Anthropogenic and natural PM in EMEP4UK is modelled in two size categories PM 2.5 and PM 2.5-10 (particles with diameter in the range 2.5 to 10 μm), which together make up PM 10 4 2− which exist in the model as fine particles only. These components include both primary (directly emitted) particles (e.g, EC) and secondary particles formed within the atmosphere from gaseous precursors (e.g, SO 4 2− ). Of these components we examined the fine fractions of sulphate, nitrate and primary anthropogenic (OM and EC from fossil fuel combustion and remaining non-carbonaceous primary) together with total PM 2.5 , PM 2.5-10 and PM 10 . Exposure was characterized by the annual mean of daily means (annual mean of daily maximums of 8-h running means for O 3 ). Spatial distribution of these exposure measures are presented as maps in Additional file 1.
Measurement of socioeconomic deprivation
The socioeconomic deprivation index was modified from the 2010 English Index of Multiple Deprivation (IMD) [37] which is a weighted composite of small area data combining seven domains: Income; Employment; Health and Disability; Education, Skills and Training; Barriers to Housing and Services; Crime; and Living Environment.
Specifically, we excluded the Health and Disability domain and the Living Environment domain which partially included variables to be incorporated in the main analytical model (small-area statistics of mortality and ambient concentration of PM and other air pollutants, respectively), and reconstructed the deprivation index from the key domains (i.e. the Income domain and the Employment domain) only, keeping the original proportion of weights (equal weight for each domain) at the Lower-level Super Output Area (LSOA), following the approaches used in previous studies [38] [39] [40] . This is to avoid the duplication in explanatory and dependent variables in the analysis, though high correlation between the original and modified deprivation index (Pearson's r = 0.95) suggests little effect on the main results.
LSOA is a small area unit designed to be socially homogeneous and has a relatively even population size with 1500 residents on average (precisely 1000 to 3000 population), but varies in its areal size (mean 1.0 ± SD 2.4 km 2 in urban area and 19 ± 27.8 km 2 in rural area). All LSOAs in England (n = 32,179) were classified into decile groups according to the reconstructed deprivation index to keep equal population numbers across the groups. As such, the decile group 1 represents the least deprived 10% of residents in England and group 10 indicates the most deprived 10% (see a map of deprivation decile groups in Additional file 1).
Data linkage
Residential unit postcodes (on average 15 addresses per unit, n = 1,202,578 in England) were selected from Codepoint Postcode data (Office for National Statistics, ONS) and linked to annual level of air pollution (stated above), residential population (2011 Census, Headcount and Household Estimates for postcodes in England and Wales) [41] , all death events sourced from the deaths register (post-coded, ONS) in 2006 through residential address of the deceased to calculate baseline mortality (described below), and other areal markers such as socioeconomic deprivation groups (stated above) and LSOA Rural-Urban Classification (ONS, based on the definition of urban area as physical settlements with a population of 10,000 or more) [42] . Data linkage of unit postcodes with the 5 km EMEP4UK grids and LSOAs were processed by the overlay (intersect) function of ArcGIS (version 10.3) at the closest delivery point to the calculated mean position of all the delivery points in the area unit.
Analysis
Our analyses consisted of two steps: 1) examination of the socioeconomic gradient in air pollution exposure and 2) quantification of the associated mortality impact. First, population-weighted averages of air pollution levels were estimated by a regression model of all residential postcodes using categorical variables of deprivation groups, adjusting for region to control for previously reported north-south differences in association between deprivation and mortality. This is to make sure our estimated socioeconomic differentials (if any) in exposure to air pollution is independent from regional effects. Confidence intervals (CIs) for estimated population-weighted averages of air pollution levels were adjusted for possible noise from clustering by district using Huber-White variance [43] .
Next, in order to quantify the mortality impact associated with derived exposure levels of pollution, a standard life table calculation method [44] was applied to estimate LYs lost. Here, only the effect of PM 2.5 was considered using a concentration-response relationship from the results of the American Cancer Society (ACS) cohort studies in the US (relative risk of all-cause mortality of 1.06 per 10 μg/m 3 increase in PM 2.5 ) [4] following the health impact assessment method conducted by COMEAP [7] , We assumed no effect of PM 2.5 exposure for those aged under 30 years to be consistent with the reported concentration-response relationship. Baseline mortality rates were calculated specifically for gender, five year age groups, decile of deprivation and urban/rural groups for all-cause deaths registered in the official statistics (ONS) in 2006, England and mid-year population estimates by LSOA in the same year [45] . 2006 was the latest available year of appropriate death registry and population data for this study. Given that baseline mortality rates in England will have changed very little over the period 2006-2010, the 2006 data provide a good approximation for 2010. For the purpose of comparing baseline mortality rate across deprivation groups, age-standardized death rates (ASDR) were calculated by direct standardization method. Absolute and relative measures of associated mortality burdens were presented in terms of total LYs lost and LYs lost per 1000 population, respectively, across deprivation groups and by urban-rural status. PM 2.5 exposure-related life expectancy lost at birth was also presented for the purpose of comparison with the reported overall life expectancy [8] . Regression analyses were performed with Stata version 14 and life table calculations using a set of linked spread sheets in Microsoft Excel 2013.
Results
Air pollution exposure patterns
Annual mean concentrations of air pollution (simulated for 2010) were assigned to the 1.2 million residential postcodes in England, of which a quarter were classified as rural. Generally, concentrations of total PM 2.5 and PM 10 , sulphate and primary PM 2.5 were higher in urban than in rural areas based on both simple arithmetic mean and population-weighted mean pollution levels; the reverse was true for O 3 , nitrate PM 2.5 and, for more deprived areas, PM 2.5-10 ( Table 1) .
Variations of mean pollutant concentrations by decile of IMD were apparent for all pollutants, including individual PM 2.5 components (Fig. 1a) . Traffic-related air pollution (primary and total PM 2.5 ) showed higher concentrations in the areas of greater socioeconomic deprivation: the ratios of the most versus the least deprived decile group were 1.11 and 1.03. For example, estimated total PM 2.5 level for the most deprived quintile group (9.45 μg/m 3 ) was 3% higher than that for the least deprived group (9.18 μg/m 3 ). There was a similar pattern of higher concentrations with greater deprivation for PM 10 , PM 2.5-10 and sulphate. In contrast, O 3 showed a pattern of generally decreasing concentrations as socioeconomic deprivation increased). Except for PM 10 , the socioeconomic gradients in pollutants did not appear to be simple linear relationships, there usually being differences in the patterns between the five least and five most deprived deciles.
The socioeconomic patterns of air pollution concentrations varied by urban-rural status (Fig. 1b (Fig. 1b) , with a fall in concentration among the five least deprived deciles followed by a small increase among the five most deprived groups: −0.05 μg/m 3 and +0.32 μg/m 3 per change in deprivation decile group 1 to 5 and 6 to 10 for total PM 2.5 in rural areas. The different size fractions of PM showed distinct concentration patterns in rural areas -e.g. a relatively steep socioeconomic gradient across the five most deprived deciles of PM 2.5 (a difference of 0.32 μg/m 3 between decile 6 and 10), whereas for PM 2.5-10 , the gradient was steepest in the five least deprived deciles (a change of 0.39 μg/m 3 for decile 5 compared with decile 1). Interestingly, urban-rural differentials in concentrations of PM 2.5-10 (higher PM 2.5-10 in rural area) were obvious only in the more deprived decilegroups and the less deprived deciles in rural areas exhibit similar PM 2.5-10 levels as urban areas.
Associated mortality burden
The total LYs lost attributable to long-term exposure to PM 2.5 in England, estimated for 2010, were 283,084 years, of which 82% (233,257 years) were in urban areas and 18% (49,804 years) in rural areas. PM 2.5 -related LYs lost by decile of IMD are presented in Fig. 2 , along with baseline mortality (ASDR) and annual mean total PM 2.5 concentrations (see Additional file 2 for corresponding table).
The ratios of the most deprived against the least deprived decile in ASDR were 1.59 and 1.50 in urban and rural areas, respectively; by comparison, the corresponding ratios for total PM 2.5 concentration were much smaller at just 1.02 and 1.03 ( Fig. 2a and b ). There were steep increases with deprivation in PM 2.5 -related LYs lost per 10 3 population in both urban and rural areas, but the total LYs lost showed a strong, broadly linear, increase with deprivation only in urban areas ( Fig. 2c  and d) . In urban areas, the total LYs lost in the most deprived group were 18,200 greater than the least deprived, corresponding to a ratio of burdens in the most to the least deprived group of 2.2 (see Additional file 2). In rural areas, however, there was a pattern of modest rise then fall in total attributable LYs lost across deciles and total LYs lost in the most deprived group were 4700 less than the least deprived group (corresponding ratio of 0.13). Only 1-2% of those in the most deprived 20% of population in England live in rural area (Additional file 2). These contrasts suggest there were substantial gradients in attributable burdens per 10 3 population despite only modest differences in air pollution (PM 2.5 ) concentrations across deciles of deprivation because airpollution related relative risks are applied to substantial differences in the underlying mortality rates.
The differentials in PM 2.5 exposure-related life expectancy lost between least and most deprived areas was 0.13 years (47 days) for men and 0.12 years (46 days) for women in England overall (see Additional file 3). This is in contrast to the reported overall life expectancy lost due to socioeconomic differentials, 6.7 years and 5.3 years for men and for women, respectively [8] .
Discussion
Summary of findings
This study has quantified socioeconomic differentials in broader scale geographical variations in the annual average background concentration of particulate matter and ozone in England, and in the PM 2.5 -associated impacts on mortality. Concentrations of the most particulate fractions, but not of nitrate PM 2.5 or ozone, were modestly higher in areas of greater socioeconomic deprivation though pollution relationships were non-linear and varied by urbanrural status. However, such pollution differentials made only a small contribution to socioeconomic gradients in PM 2.5 -attributable LYs lost per 10 3 population in both urban and rural areas. Our analyses suggest that such gradients are substantial but mainly because of the gradient in underlying mortality rates across deciles of deprivation (which therefore generate gradients in morality burdens even with a similar relative risk for PM 2.5 ), rather than because of variations in pollution concentrations themselves. The small mortality burden of PM 2.5 exposure in the most deprived decile in rural areas is due to the small population in such areas. The magnitude of the socioeconomic differentials in PM 2.5 -related life expectancy lost at birth is fairly modest by comparison with the differentials in overall life expectancy between least and most deprived areas.
Comparison with other studies
Socioeconomic variations in exposure to ambient particulate air pollution in the UK have been described in a number of settings [46] [47] [48] [49] [50] , including the longitudinal studies examined the socioeconomic distribution of the air quality improvement over the last decade [51, 52] .
A comprehensive study on spatial inequality in England found weak association between population-weighted PM 10 concentration and IMD in England 2004, which differs to some extent between urban and rural area and at different geographical scales (stronger associations with increasing level of spatial aggregation) [50] . Another UK wide study reported U-shaped association between income deprivation and population-weighted PM 10 or NO 2 (averaged 1999-2003 ), but at a lower spatial resolution (Census Area Statistics wards with mean population size 5518) [47] . Studies in four conurbations (London, Birmingham, Cardiff and Belfast) in the UK reported higher NO 2 and PM 10 concentrations in areas exhibiting higher levels of deprivation in all cities except Cardiff [48] .
The results of our study provide additional evidence of such variations in relation to a range of particle subfractions and, more importantly, the contribution of air pollution to socioeconomic differentials in mortality based on PM 2.5 . The results are important in demonstrating that though air pollution differentials exist with respect to socioeconomic status, they are generally modest, at least at the geographical resolution used in this study (5 km horizontal grid). Consequently, the impact of air pollution on mortality across deciles of socioeconomic status shows little variation in relative terms. Yet there is a substantial gradient in attributable LYs lost per 10 3 population because of the magnitude of the socioeconomic gradient in underlying age-specific mortality rates. Another study which examined the prognosis of acute coronary syndrome (ACS) in England and Wales also found a marginal contribution of exposure to air pollution to socioeconomic inequalities in survival among patients with a previous ACS event [53] .
Advantages and limitations of this study
One of the main advantages of this study is the use of nation-wide data of air pollution and socioeconomic deprivation markers covering the whole of England, which enabled us to investigate not only urban areas but also rural areas of which air pollution levels are often sparsely monitored by the UK Department for Environment Food & Rural Affairs (Defra) measurement network. CTM also allowed us to explore the socioeconomic differentials in air pollution exposure by individual PM components as well as total PM. Another notable advantage is that our estimated mortality burdens are based on the socioeconomic and urban-rural gradient in underlying baseline mortality as well as PM 2.5 concentration. This synthesis emphasizes the public health importance of policy measures to reduce air pollution in general in order to narrow socioeconomic differences in air pollution health burdens.
There are however also a number of disadvantages. The fact that pollutant concentrations are not derived from high density measurements but from a CTM (for a single year), means that the validated performance of the model is therefore central to the estimates we provide. A detailed spatiotemporal evaluation of the EMEP4UK model performance in comparison with measurement at background sites over the UK is reported elsewhere [54] , but in brief the model represents the spatial distribution of daily measures of O 3 and PM reasonably well at both rural and urban area (median values of Pearson's correlation r across sites for rural and urban background sites 0.81 and 0.73 for O 3 and 0.91 and 0.58 for PM 10 , respectively; 0.58 for PM 2.5 in urban background sites only). Secondly, although the study had data with national coverage, the spatial resolution of our air pollution data (5 km grid) has limitations with regard to short-lived local pollutants such as NO 2 and the analysis of national data for NO 2 at this resolution does not demonstrate important aspects of socioeconomic variation. We have therefore excluded the results of NO 2 and report only the results on pollutants such as PM and ozone whose national variation at 5 km grid resolution does, we believe, reflect important dimensions of geographical and socioeconomic variation. Although LSOAs are the areal units designed to maintain homogeneous socioeconomic demographic, their variation in areal size (smaller in urban area than 5x5km grids) suggests a 5 km gridded air pollution level might be shared by a couple of LSOAs with different socioeconomic status (mean ± SD of the SD of deprivation quintiles at residential postcodes located in a same 5 km grid: 1.5 ± 0.9 in urban area and 0.7 ± 0.6 in rural area), attenuating socioeconomic differentials in exposure to air pollution. Third, our paper also did not consider indoor air quality, the spatial variation of which may be modified by building characteristics [55] , which in turn may be associated with socioeconomic position. Further misclassification of exposure may arise from assignment on the place of residence without account of the movement of people.
The fact that we used a small-area marker of socioeconomic deprivation may not be as good as the use of markers at individual or household level. However, a few studies investigated both individual and neighbourhood socioeconomic status in terms of associations with air pollution (PM 2.5, NO x and road-traffic) and found neighbourhood socioeconomic status characteristics were more strongly associated with air pollutants than individuallevel ones [15, 56, 57] . A previous study in London comparing area markers and an individual marker (from the Whitehall II cohort data) also reported that small-area markers perform well in showing variations in exposure to traffic-related air pollution (NO x in this case) [39] .
The concentration-mortality relationship used to quantify health burdens is the same as that used in the 2010 COMEAP report based on the US ACS study [7] . A case could be made for the use of alternative coefficients derived from a now larger world literature, including with additional studies from the UK and Europe, but the choice of coefficient is largely unimportant for assessing the pattern of socioeconomic variations. Additionally, we used a unique relative risk for all socioeconomic groups regardless of possible socioeconomic gradient in susceptibility (sensitivity) to air pollution-related health consequences, as there was limited evidence of differential sensitivity in England, UK. Here, we focused only on the partial susceptibility (i.e. baseline mortality rates). It would be desirable to examine the health burdens on the basis of other pollutants in addition to PM 2.5 , such as NO 2 -especially where NO 2 exposure levels are high. However, the basis for such calculations remains uncertain in the absence of clear quantitative evidence of the causal contribution of NO 2 vs PM 2.5 or other air pollutants.
Finally, it needs to be noted that the socioeconomic differentials in PM 2.5 and associated health impacts observed in this study may not reflect the patterns in other countries of Europe or elsewhere. But the observation that substantial socioeconomic differentials may exist in mortality burdens in the absence of large variations in PM 2.5 concentrations is likely to apply in any setting where appreciable socioeconomic differentials exist in underlying disease rates.
Conclusions
Using nation-wide grid data of air pollution and individual mortality records linked with area-level socioeconomic deprivation, this study demonstrated modest socioeconomic differentials in fine particulate concentrations based on 5 km grid resolution data, but comparatively large differentials in associated mortality burdens because of the very strong socioeconomic gradients in underlying mortality rates. Policies or measures that reduce air pollution in general will have greater benefit in terms of the absolute burden for more deprived populations, and thus may modestly help narrow socioeconomic differences in health. Further examination coupled with simulations under different policy scenarios to reduce emissions from anthropogenic sources would help elucidate potential policy impacts.
